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The pac gene of the serotype c strain Streptococcus mutans MT8148 encodes a cell surface protein antigen
(PAc) of approximate 190 kilodaltons. The serotype c strain S. mutans GS-5 does not produce the
190-kilodalton PAc but produces a lower-molecular-weight protein that reacts with anti-PAc serum. The
SphI-BamHI fragment of the pac gene was ligated with the S. mutans-Escherichia coli shuttle vector pSA3. The
chimeric shuttle vector was transformed into strain GS-5, and two transformants (TK15 and TK18) were

isolated. These transformants produced a large amount of cell-free and cell-bound PAc of 190 kilodaltons. No
plasmid was isolated from these transformants, and the EcoRI fragments of their chromosomal DNA
hybridized with the erythromycin resistance gene in the shuttle vector DNA, indicating insertion of the chimeric
shuttle vector DNA into the chromosomal DNA. The cell hydrophobicity of strains TK15 and TK18 as well as

PAc-defective mutants constructed by inserting an erythromycin resistance gene into the pac gene of strain
MT8148 was analyzed. Strains MT8148, TK15, and TK18 were hydrophobic. On the other hand, strain GS-5
and PAc-defective MT8148 transformants were hydrophilic. Resting cells of the hydrophobic strains attached
in larger numbers to saliva-coated hydroxyapatite than did the hydrophilic strains. Human whole saliva
induced the aggregation of cells of the hydrophobic strains but not that of cells of the hydrophilic strains. These
results suggest that cell surface PAc of S. mutans serotype c participates in attachment of the streptococcal cell

to experimental pellicles.

Streptococcus mutans has been strongly implicated as a
causative organism of dental caries and is frequently isolated
from human dental plaque (14, 27). S. mutans adheres to
tooth surfaces by sucrose-independent and sucrose-depen-
dent mechanisms. The former mechanism is via electro-
static, lectin-like, and hydrophobic interactions and hydro-
gen bonding of S. mutans to salivary components in pellicles
in the absence of sucrose (10, 11). The latter mechanism is
due to production of water-insoluble glucan by glucosyl-
transferases from sucrose (13, 14, 18). The production of
water-insoluble glucan then promotes the accumulation of S.
mutans on tooth surfaces (19).

S. mutans possesses various cell surface polymers such as

wall-associated proteins, serotype-specific antigens, lipote-
ichoic acid, and peptidoglycan (14). Among these polymers,
a cell surface protein antigen with a molecular mass of 190
kilodaltons (kDa), which has been variously designated as

antigen B (43), I/II (41), IF (17), P1 (9), and PAc (35), has
recently been the focus of intense research interest. Strep-
tococcus sobrinus, Streptococcus cricetus, and Streptococ-
cus downei also produce a cell surface protein antigen that is
immunologically cross-reactive with the protein antigen of S.
mutans (15, 31, 34).
The high-molecular weight protein antigen of S. mutans

serotype c (PAc) has been successfully used as a vaccine to
protect monkeys against dental caries (24, 44). Local passive
immunization with monoclonal antibodies raised against
PAc prevents the colonization of animal and human tooth
surfaces by S. mutans (23, 28). McBride et al. (30) specu-
lated that PAc might be an adhesin involved in forming
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hydrophobic bonds with hydrophobic regions of salivary
pellicle. The biological function of PAc, however, is poorly
understood.
The structural gene for PAc of S. mutans serotype c has

recently been cloned by Lee et al. (22) and Okahashi et al.
(35). The structural gene for a high-molecular-weight protein
antigen of S. sobrinus serotype g has also been cloned by
Holt et al. (15, 16) and Takahashi et al. (48). More recently,
Okahashi et al. (36) have determined the complete nucleo-
tide sequence of the pac gene for PAc of S. mutans MT8148.
Ohta et al. (33) have shown that the serotype c strain S.

mutans GS-5 does not produce the 190-kDa PAc but pro-
duces a lower-molecular-mass (155-kDa) protein antigen
(PAGS-5) that reacts with anti-PAc serum.

In this study, we transformed the shuttle vector containing
the pac gene into strain GS-5 and isolated transformants that
produced the 190-kDa PAc. Furthermore, we compared the
parent strain GS-5 with its transformants in cell hydropho-
bicity, saliva-induced aggregation, and in vitro ability to
adhere to experimental pellicles. The biological properties of
strain MT8148 and PAc-defective mutants constructed by
inserting an erythromycin resistance gene into the pac gene
of strain MT8148 (35) were also examined.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used are listed in
Table 1. The basic media used were L broth (25) for
Escherichia coli and brain heart infusion broth (BHI; Difco
Laboratories, Detroit, Mich.) and Todd-Hewitt broth (Difco)
for S. mutans. For transformants of S. mutans, erythromy-
cin at a final concentration of 10 pug/ml was added.

Preparation of protein antigens. PAc, PAGS-5, and recom-
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TABLE 1. Bacterial strains

StraiDeso Plasmid Reference
size (kb) or source

B E A H H H HAS H PEEE P HB

LL.~I \ \__
E. coli
JM109 recAl endAl gyrA96

thi hsdRl7 supE44
relAl C A(lac-
proAB)(F' proAB
lacIqZ AM15
traD36)

JM109(pUC118) As for JM109, with
pUC118; Ampr

JM109(pPC41) As for JM109, with
pPC41; Ampr
PAc+

JM109(pPC12Emr) As for JM109, with
pPC12Emr; Ampr
Emr

HB101 F- hsdS20 (rB-,
mB+) recAJ3 ara-
14 proA2 lacYl
galK2 rpsL20(Sm')
xyl-S mtl-l supE44
X- mcrA' mcrB

HB101(pSA3) As for HB101, with
pSA3; Emr Tcr
cmr

HB101(pSM1) As for HB101, with
pSM1; Emr Tcs
Cmr PAc+

S. mutans
MT8148

PAcEm-2

PAcEm-3

GS-5

TK15

TK18

Serotype c; Ems
PAc+

Serotype c, Emr

PAc; transfor-
mant of MT8148
with pPC12EmF

Serotype c, Emr

PAc; transfor-
mant of MT8148
with pPC12Emr

Serotype c, Ems
PAc-

Serotype c, Emr
PAc+; transfor-
mant of GS-5
with pSM1

Serotype c, Emr
PAc+; transfor-
mant of GS-5
with pSM1

cmr Em r pSA3

None 52

3.2 50

10.7 35

Probe A

pac

Probe B

lkb

FIG. 1. Restriction map of plasmid pSM1 carrying the SphI-
BamHI fragment of the pac gene. Probes A and B were used for
Southern hybridization analysis (see Fig. 3) and RNA dot blot
analysis (see Fig. 6), respectively. Symbols: *, region derived from
S. mutans-E. coli shuttle vector pSA3; l, region derived from
plasmid pPC41 containing the entire pac gene from S. mutans
MT8148. Abbreviations: B, BamHI; E, EcoRI; A, AvaI; H, HindIII;
S, SphI; P, PstI.

8.8 35

None 6

10.2 6

16.4 M. Iwaki, un-
published
data

None 33

None 35

None 35

None

None

33

This study

None This study

binant PAc (rPAc) were prepared from culture supernatants
of S. mutans MT8148, GS-5, and TK18, respectively, grown
in diffusate medium of BHI broth by ammonium sulfate
precipitation, chromatography on DEAE-cellulose, and sub-
sequent gel filtration on Sepharose CL-6B (33). PAc was

immunologically identical to the antigen B kindly supplied
by R. R. B. Russell (34, 43).

Preparation of antibodies. Rabbit anti-PAc serum was

obtained by intramuscular injections of the 190-kDa protein
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) from culture supernatants of
S. mutans MT8148 in Freund complete adjuvant (Difco) (33).
A monoclonal antibody directed to PAc (MAb PC2) was

elaborated by polyethylene glycol-induced fusion of SP2/
0-Agl4 mouse myeloma cells and spleen cells from BALB/c
mice immunized with PAc as described by Hamada et al.

(12). The monoclonal antibody recognized the middle region
of amino acid sequence of PAc (Okahashi et al., unpublished
data).

Construction of pSM1 and preparation of plasmid DNA.
The construction of the chimeric plasmid pPC41, containing
the structural gene for PAc from S. mutans MT8148, was
described previously (35). This recombinant plasmid con-
tains a 7.5-kilobase insert in pUC118 harboring the entire
pac gene. The construction of the chimeric plasmid pSM1
was performed by Iwaki et al. (manuscript in preparation).
Briefly, the chimeric plasmid pPC41 was digested with
BamHI and SphI and ligated to S. mutans-E. coli shuttle
vector pSA3 (6) that had been cleaved with the same
enzymes. The ligated DNA was transformed into E. coli
HB101. Transformants were selected based on their antici-
pated antibiotic resistance phenotypes. Expression of the
pac gene in recombinant E. coli cells was examined by
colony immunoblotting with rabbit anti-PAc serum (35). All
clones that expressed PAc harbored a 16.4-kilobase chimeric
plasmid, and one of these plasmids was termed pSM1 (Fig.
1). Plasmid DNA was prepared as described by Sasakawa
and Yoshikawa (45).

Transformation of S. mutans. S. mutans GS-5 was trans-
formed by the method of Lindler and Macrina (26). Strain
GS-5 was grown overnight anaerobically in Todd-Hewitt
broth containing 10% heat-inactivated horse serum. The
overnight culture (50 ,ul) was used to inoculate 2 ml of the
fresh medium, and the culture was grown aerobically at 37°C
for 4 h. Samples (0.3 ml) were transferred to sterile glass
culture tubes, and 10 ,ug of pSM1 plasmid DNA was added.
Cultures were allowed to stand at 37°C for 1 h, diluted with
phosphate-buffered saline (pH 7.2), and plated on BHI agar
containing erythromycin.

Plasmids in strain GS-5 and its transformants were iso-
lated as described by LeBlanc and Lee (21). The existence of
plasmids was examined by 0.7% (wt/vol) agarose gel elec-
trophoresis.

Southern hybridization. Chromosomal DNA from S. mu-
tans was digested by EcoRI. The DNA fragments separated
by agarose gel electrophoresis were transferred to nitrocel-
lulose membranes (29). The probe (the 2.2-kb AvaI-HindIII
fragment of the Emr gene in pSA3) was radiolabeled by nick
translation (29) by using [32P]dCTP. Hybridization on nitro-
cellulose membranes was performed with 50% (vol/vol)
formamide at 42°C (35).
RNA dot blotting. S. mutans strains and their transfor-

mants were grown in 100 ml of Todd-Hewitt broth supple-
mented with 20 mM DL-threonine to a concentration of
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approximately 109 cells per ml. The cells were harvested by
centrifugation and suspended in 10 ml of BHI broth supple-
mented with 30% (wt/vol) raffinose. The cell suspensions
were incubated with lysozyme (2 mg/ml) for 30 min at 37°C,
followed by N-acetylmuramidase SG from Streptomyces
globisporus (0.1 mg/ml; Seikagaku Kogyo, Tokyo, Japan)
for 30 min at 37°C. The cells were harvested by centrifuga-
tion and suspended in 3 ml of 4 M guanidine thiocyanate
containing 0.05% (wt/vol) N-lauroylsarcosine sodium salt,
0.1% (vol/vol) 2-mercaptoethanol, and 25 mM sodium cit-
rate. The cells were disrupted by drawing the suspension
through an 18-gauge needle. After the suspensions were
clarified by centrifugation, cesium chloride (1.2 g) was added
and dissolved. The solutions were layered onto a 1.4 ml of
5.7 M cesium chloride containing 0.1 M EDTA (pH 7.0) in a
polyallomer tube (Beckman Instruments, Inc., Fullerton,
Calif.) and centrifuged at 30,000 rpm for 16 h in an SW50.1
rotor (Beckman). The pelleted RNA was dissolved in 0.4 ml
of 0.3 M sodium acetate (pH 7.0) and then precipitated with
2.5 volumes of ethanol. The RNA preparations were washed
with 70% (vol/vol) ethanol and stored in distilled water at
-70°C until use.
RNA dot blotting was performed as described by Thomas

(49). Briefly, the RNA preparations (5 ,ug each) were incu-
bated with 0.5 ml of 0.01 M sodium phosphate buffer (pH
7.0) containing 1 M glyoxal at 50°C for 1 h. Serial twofold
dilutions of the mixture were prepared in distilled water.
RNA samples (0.2 ml) were placed into wells on the Bio-Dot
microfiltration apparatus (Bio-Rad Laboratories, Richmond,
Calif.) with a sheet of nitrocellulose membrane equilibrated
with 3 M NaCl and 0.3 M sodium citrate. The blot was dried,
baked for 2 h at 80°C, treated with 20 mM Tris hydrochloride
(pH 8.0) for 5 min at 100°C, and prehybridized and hybrid-
ized as described by Thomas (49). The 1.5-kilobase PstI
fragment of the pac gene, which covers the middle region of
PAc, was radiolabeled as described above and used as the
probe.
SDS-PAGE and Western blotting. SDS-PAGE was per-

formed in 7.5% acrylamide slabs by the method of Laemmli
(20). Concentrated culture supernatants and cell extracts of
S. mutans strains were prepared as described by Ohta et al.
(33). Proteins were stained with Coomassie brilliant blue
R-250.
The concentrated culture supernatant and the cell extract

were subjected to SDS-PAGE and transferred electrophoret-
ically to a nitrocellulose sheet. The sheet was treated with
MAb PC2. The antibody bound to the immobilized replica
proteins on the sheet was detected by a solid-phase immu-
noassay with horseradish peroxidase-conjugated goat anti-
mouse immunoglobulins (18).
Dot immunobinding assay. S. mutans strains and their

transformants were grown overnight in BHI broth. The cells
were harvested by centrifugation and suspended in the
original volume of 50 mM Tris hydrochloride buffer (pH 7.2)
containing 0.15 M sodium chloride (TBS). Serial twofold
dilutions of culture supernatants and cell suspensions were
then prepared in TBS. The samples (0.5 ml) were placed into
wells of the Bio-Dot microfiltration apparatus with a sheet of
nitrocellulose membrane and filtered through the membrane
by gravity flow. Proteins on the membrane were fixed in 0.1
ml of 0.25% (vol/vol) glutaraldehyde for 15 min. The nitro-
cellulose sheet was treated with MAb PC2. The antibody
bound to the immobilized antigens was detected by the
solid-phase immunoassay with horseradish peroxidase-con-
jugated rabbit anti-mouse immunoglobulins. Quantitation of
color developed was done with an Atto ACD-25-DX densi-

tometer (Atto Co., Tokyo, Japan). The concentration of PAc
was determined by comparison with a standard curve of
known concentrations of PAc purified from culture superna-
tants of S. mutans MT8148.

Immunodiffusion. Agar gel diffusion was performed in 1%
(wt/vol) agarose gel in 15 mM barbital hydrochloride buffer
(pH 8.6) containing 1% (vol/vol) Triton X-100 (33). The agar
plates were washed with phosphate-buffered saline, dried,
and stained with Coomassie brilliant blue R-250.

Hydrophobicity. S. mutans strains and their transformants
were grown at 37°C for 18 h in BHI broth. The cells were
washed twice and suspended in PUM buffer (39) to an optical
density at 550 nm of 0.6. Triplicate samples (3 ml) of the
bacterial suspensions were placed in test tubes, and hexa-
decane (0.3 ml) was added. The tubes were then mixed with
a vortex mixer for 1 min and allowed to stand until the
phases separated. The optical density of the lower, aqueous
phase was measured. Adsorption was calculated as the
percentage loss in optical density relative to that of the initial
cell suspension.

Adsorption of resting cells to S-HA. Spheroidal hydroxy-
apatite beads (20 mg) (BDH, Poole, England) were incubated
with 1 ml of clarified whole saliva for 1 h at room tempera-
ture and washed three times with buffered KCl (8). S.
mutans was grown at 37°C for 18 h in BHI broth containing
[methyl-3H]thymidine (62 Ci/mmol; ICN Radiochemicals,
Irvine, Calif.) at a final concentration of 10 ,uCi/ml.
[3H]thymidine-labeled bacteria (5 x 107) were allowed to
react with the saliva-coated hydroxyapatite (S-HA; 20 mg) in
1 ml of buffered KCl. The radioactivity associated with the
beads was then determined. The number of bacteria ad-
sorbed was determined from the calculated specific radioac-
tivity of the bacteria.
To test attachment blocking activity of protein antigens of

S. mutans, S-HA (20 mg) was pretreated with 100 ,ug of PAc,
rPAc, or PAGS-5 in 1 ml of buffered KCI for 1 h at room
temperature. After the S-HA was washed three times with
buffered KCl, adsorption of [3H]thymidine-labeled cells of
strain MT8148 to the pretreated S-HA was determined as
described above. The percent inhibition was calculated by
the following formula: 100 x [(number of cells adsorbed to
S-HA pretreated with buffered KCI) - (number of cells
adsorbed to S-HA pretreated with protein antigen)/(number
of cells adsorbed to S-HA pretreated with buffered KCl)].

Saliva-induced aggregation. S. mutans strains and their
transformants were grown at 37°C for 18 h in BHI broth. The
cells were harvested by centrifugation, washed with phos-
phate-buffered saline, and suspended in phosphate-buffered
saline to an optical density at 550 nm of 1.0. Serial twofold
dilutions (0.1 ml) of clarified whole saliva from four different
donors were placed in a round-bottom 96-well microculture
plate, and an equal volume of the bacterial suspension was

added. After gentle mixing, the reaction mixtures were
incubated at room temperature for 3 h. Results are expressed
in terms of the titer; this is the highest dilution of saliva
giving macroscopically visible aggregation (32).

RESULTS
Transformation of S. mutans GS-5. The pSM1 plasmid

DNA containing the SphI-BamHI fragment of the pac gene
of S. mutans MT8148 was transformed into S. mutans GS-5.
SDS-PAGE showed that 13 clones among 20 Emr clones
tested produced a protein of 190 kDa (data not shown). Two
clones that produced a large amount of the 190-kDa protein
reactive with rabbit anti-PAc serum were termed strains
TK15 and TK18, respectively.
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FIG. 2. Agarose gel electrophoresis of plasmid DNA. Plasmid
DNA (5 ,ug) was electrophoresed in 0.7% (wt/vol) agarose for 16 h at
25 mA. Lanes: 1, plasmid pSM1 from E. coli HB101(pSM1); 2,
ethanol-precipitated DNA from S. mutans GS-5; 3, ethanol-precip-
itated DNA from S. mutans TK15; 4, ethanol-precipitated DNA
from S. mutans TK18.

The isolation of plasmids from transformants TK15 and
TK18 was attempted. However, no plasmid was isolated
from these strains (Fig. 2). To confirm the integration of the
pSM1 DNA into chromosomal DNA, we carried out South-
ern blot analysis of the transformants by using the Emr gene
of the shuttle vector DNA as a probe. Figure 3 shows the
insertion of the pSM1 DNA into the chromosomal DNA of
these transformants.

Expression of the pac gene. Culture supernatants and cell
extracts of S. mutans strains were analyzed by SDS-PAGE
and Western blotting. Rabbit normal serum and rabbit anti-
PAc serum reacted nonspecifically with several polypeptides
of the culture supernatants and cell extracts from all strains
of S. mutans used in this study (data not shown). Therefore,
we used a mouse monoclonal antibody against PAc (MAb
PC2) for Western blot analysis. Strain MT8148 produced
extracellularly a 190-kDa protein with which MAb PC2

kb 1 2 3

23.1 -

9.4 -

6.6 -

4.4 -

2.3 -

2.0 -

FIG. 3. Southern hybridization analysis of S. mutans GS-5 and
its transformants. Chromosomal DNA from S. mutans strains was
digested with EcoRI. Hybridization was done with a 2.2-kilobase
AvaI-HindIII probe from the Emr gene at 42°C in 50% formamide.
Lanes: 1, strain GS-5; 2, strain TK15; 3, strain TK18.

FIG. 4. SDS-PAGE and Western blot analysis of culture super-
natants of S. mutans strains. Culture supernatants were concen-
trated by ammonium sulfate precipitation and analyzed by SDS-
PAGE. (A) Gel stained with Coomassie brilliant blue R-250. (B)
MAb PC2 bound to immobilized antigens on a nitrocellulose sheet
transferred by an electrophoretic blotting procedure. The antibody
was detected by solid-phase immunoassay with horseradish perox-
idase-conjugated goat anti-mouse immunoglobulins. Lanes: 1, strain
MT8148; 2, strain PAcEm-2; 3, strain PAcEm-3; 4, strain GS-5; 5,
strain TK15; 6, strain TK18. The position of PAc is indicated by the
arrow.

reacted (Fig. 4). MAb PC2 did not react with the culture
supernatants of the PAc-defective mutants PAcEm-2 and
PAcEm-3. The 190-kDa PAc was not found in the culture
supernatant of strain GS-5, but this strain produced extra-
cellularly a large amount of a 155-kDa protein with which
MAb PC2 reacted. A large amount of 190-kDa PAc was
found in the culture supernatants of strains TK15 and TK18.
When culture supernatants of strain GS-5 and PAc-pro-
ducing strains were analyzed by Western blotting, a number
of other protein bands with lower molecular masses, as well
as the 155- and 190-kDa proteins, reacted with MAb PC2.
These lower-molecular-mass proteins may be degradation
products of the high-molecular-weight protein antigens by
endogenous proteases of S. mutans and/or uncompleted
peptides synthesized by these strains. Cell extracts of strains
MT8148, TK15, and TK18 contained the PAc, but those of
strains PAcEm-2, PAcEm-3, and GS-5 did not (Fig. 5).
These results were confirmed by dot immunobinding assay
(Table 2).
The amount of PAc-specific mRNA transcripts was deter-

mined by RNA dot blotting with the middle region of the pac
gene as a probe. The expression of PAc-specific mRNA
transcripts by strains TK15 and TK18 was about eightfold
higher than that by strains MT8148 and GS-5 (Fig. 6).

Immunodiffusion of culture supernatants. The immunolog-
ical specificity of protein antigens produced by strains
MT8148, GS-5, TK15, and TK18 was analyzed by immuno-
diffusion. Immunodiffusion tests revealed that the culture
supernatants of strains TK15 and TK18 formed a single
precipitin band with rabbit anti-PAc serum (Fig. 7). This
band was fused with that produced between the culture
supernatant of MT8148 and anti-PAc serum but gave a spur
with that formed between the culture supernatant of GS-5
and anti-PAc serum.

Surface hydrophobicity. Cell-surface hydrophobicity of S.
mutans strains was determined by their adsorption to hexa-
decane. The surface hydrophobicity of 190-kDa PAc-pro-
ducing strains MT8148, TK15, and TK18 was markedly

;WI
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A
kDa 1 2 3 4 5 6

B 1 2 3 4
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220-

94-

2-2

67 -
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FIG. 5. SDS-PAGE and Western blot analysis of cell extracts of
S. mutans strains. Whole cells were suspended in 8 M urea-1%
SDS-1% 2-mercaptoethanol and heated at 100°C for 3 min. The cell
extracts were clarified by centrifugation and analyzed by SDS-
PAGE. (A) Gel stained with Coomassie brilliant blue R-250. (B) The
antigens transferred on a nitrocellulose sheet were allowed to react
with MAb PC2. Lanes are as in Fig. 4. The position of PAc is
indicated by the arrow.

higher than that of PAc-defective strains GS-5, PAcEm-2,
and PAcEm-3 (Table 3).

Adsorption to S-HA and saliva-induced aggregation. The
ability of S. mutans strains to attach to S-HA was examined.
Strains MT8148, TK15, and TK18 attached in larger num-
bers to S-HA than did other PAc-defective strains (Table 3).
Adsorption of cells of strain MT8148 to S-HA was inhibited
by 30, 40, and 49% by pretreatment of S-HA with 100 ,ug of
PAc, rPAc, and PAGS-5, respectively (Table 4). The PAc-
producing strains were found to aggregate in all samples of
saliva tested (Table 5). The aggregation titer differed among
donors of saliva. On the other hand, no aggregation was
found in PAc-defective strains GS-5, PAcEm-2, and
PAcEm-3.

DISCUSSION

The hydrophilic strain S. mutans GS-5 produces a 155-
kDa protein antigen that reacts with anti-PAc serum (33).
This strain was transformed with the shuttle vector contain-
ing the pac gene from S. mutans MT8148, a typical serotype
c strain. The transformants produced a large amount of
190-kDa PAc, and their surface hydrophobicity increased.
On the other hand, PAc-defective mutants constructed by

FIG. 6. RNA dot blot analysis of pac transcripts. Serial twofold
dilutions of RNA (10 ,ug/ml) from S. mutans strains were probed
with the 32P-labeled pac gene from plasmid pPC41. Lanes: 1, strain
MT8148; 2, strain GS-5; 3, strain TK15; 4, strain TK18.

inserting an Emr gene into the pac gene of hydrophobic
strain MT8148 (35) were hydrophilic. These findings indicate
that PAc on the bacterial surface is important in surface
hydrophobicity, as suggested previously by McBride et al.
(30).

Resting cells of hydrophobic PAc-producing strains at-
tached in larger numbers to experimental pellicles than did
those of hydrophilic PAc-defective strains. In this regard,
Westergren and Olsson (51) indicated that the less hydro-
phobic variant cells adhere less well to S-HA than do the
more hydrophobic parent cells. The hydrophobic parent
strains implant significantly better in human oral cavities
than do the hydrophilic variant strains (47). The present
study showed that adsorption of S. mutans to S-HA was
inhibited by pretreatment of S-HA with PAc, rPAc, and
PAGS-5. Moreover, immunoglobulin G and Fab fragments
of antisera against PAc of S. mutans inhibit the adherence of
the organism to S-HA (7). These results suggest that PAc on
the cell surface of S. mutans may take part in hydrophobic
bonding to salivary components on tooth surfaces.
Rosan et al. (38) compared saliva-mediated aggregation

activity of S. mutans strains with their adherence to S-HA.
They showed that there is no relationship between these
activities, suggesting that aggregation and adherence involve
two distinct mechanisms of microbial clearance in the oral
cavity. In this study, the PAc-defective strains attached in

1

2
TABLE 2. Dot immunobinding of cell-free and cell-associated

antigens of S. mutans strains with monoclonal
antibody (MAb) against PAc

Antigen reactivity with MAb against PAc (p.g/ml)a
Strain

Cell free Cell associated

MT8148 6.7 + 1.8 21.3 ± 3.4
PAcEm-2 0 0
PAcEm-3 0 0
GS-5 44.5 ± 7.8 1.2 ± 0.5
TK15 53.0 ± 8.8 27.4 ± 10.2
TK18 58.5 ± 5.7 35.4 ± 12.1

a The amount of antigens reactive with MAb PC2 was determined by
comparison with a standard curve of known concentrations of PAc purified
from culture supernatants of S. mutans MT8148. Each value represents the
mean + standard deviation for triplicate cultures.

3

5

3

4

FIG. 7. Immunodiffusion of culture supernatants of S. mutans
strains against rabbit anti-PAc serum. Wells: 1, concentrated culture
supernatant of strain MT8148; 2, concentrated culture supernatant
of strain TK15; 3, concentrated culture supernatant of strain GS-5;
4, PAc purified from culture supernatant of strain MT8148; 5,
concentrated culture supernatant of TK18.

..::-- 1. 11
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TABLE 3. Surface hydrophobicity of S. mutans strains
and their adsorption to S-HA

Strain
Hydrophobicity No. of cells (106)Strain (%)a adsorbed to S-HA6

MT8148 27.2 t 2.1 3.58 t 0.69
PAcEm-2 1.2 t 1.0 0.91 t 0.08
PAcEm-3 3.3 t 0.7 0.85 t 0.11
GS-5 1.2 t 0.7 1.49 t 0.17
TK15 46.1 t 2.2 6.44 t 1.31
TK18 32.2 t 3.1 6.42 t 1.08

a The bacterial suspension (3 ml) was mixed with 0.3 ml of hexadecane.
Adsorption was calculated as the percentage loss in optical density relative to
that of the initial cell suspension. Each value represents the mean ± standard
deviation for triplicate assays.

b [3Hlthymidine-labeled bacteria (5 x 107) were allowed to react with S-HA
(20 mg) in 1 ml of buffered KCl at 37°C for 1 h. Each value represents the mean
+ standard deviation for triplicate assays.

smaller numbers to experimental pellicles than did the PAc-
producing strains and exhibited no saliva-induced aggrega-
tion activity. This discrepancy might come from the exist-
ence of multiple receptors on the streptococcal cell for saliva
and pellicles. In fact, the adherence of S. mutans to exper-
imental pellicles could not be abolished completely by the
inactivation of the pac gene of the organism (Table 3). On the
other hand, the existence of multiple binding sites in exper-
imental pellicles for S. mutans was previously demonstrated
by Peros and Gibbons (37).

Russell and Mansson-Rahemtulla (42) recently reported
that the PAc of S. mutans binds to several salivary proteins,
notably two proline-rich proteins of 28 and 38 kDa. In this
study, the saliva-induced aggregation titer showed consider-
able variation among individuals. This variation may be
ascribed to the variation of content of those salivary proteins
reactive with PAc in saliva. If such variation does occur in
vivo, it could be the basis for a difference in sensitivity to
dental caries.
A 74-kDa saliva receptor from S. mutans serotype f was

purified by Ackermans et al. (1, 2). A monoclonal antibody
raised against the 74-kDa saliva receptor was shown to react
with all serotypes of mutans streptococci (2). Sommer et al.
(46) recently cloned the saliva-interacting protein gene from
S. mutans serotype f. The cloned gene codes for a 195-kDa
protein that is reactive with antiserum raised against the
74-kDa receptor, suggesting that the 195-kDa protein may be
a precursor of the 74-kDa saliva receptor. The molecular
weight of this precursor protein is very similar to that of PAc
from S. mutans serotype c. The restriction map of the
saliva-interacting protein gene, however, is different from
that of the pac gene (22, 35).

TABLE 4. Adsorption of S. mutans MT8148 to S-HA pretreated
with PAc, rPAc, or PAGS-5a

Pretreatment No. of cells (106) **h*tb
of S-HA adsorbed to S-HA Inhibition

None 3.76 0.80
PAc 2.62 + 0.50 30.3
rPAc 2.25 0.51 40.2
PAGS-5 1.92 + 0.18 48.9
a S-HA (20 mg) was pretreated without or with 100 ,ug of PAc, rPAc, or

PAGS-5 in 1 ml of buffered KCI at room temperature for 1 h. [3H]thymidine-
labeled cells (5 x 10') of S. mutans MT8148 were allowed to react with the
pretreated S-HA in 1 ml of buffered KCI at 37°C for 1 h. Each value represents
the mean ± standard deviation for triplicate assays.

b The percent inhibition was calculated by using the formula in the text.

TABLE 5. Saliva-induced aggregation of S. mutans strains

Aggregation titer' with the following donor of saliva:
Strain

A B C D

MT8148 64 16 16 16
PAcEm-2 0 0 0 0
PAcEm-3 0 0 0 0
GS-5 0 0 0 0
TK15 128 32 32 64
TK18 64 16 16 32

a Serial twofold dilutions (0.1 ml) of clarified whole saliva from four
different donors were allowed to react with 0.1 ml of bacterial suspensions
(optical density at 550 nm, 1.0) at room temperature for 3 h. The aggregation
titer is expressed as the highest dilution of saliva giving macroscopically
visible aggregation.

Antibodies against the high-molecular-weight protein
(SpaA) of S. sobrinus inhibit sucrose-induced aggregation
(5). Moreover, SpaA-defective mutants were shown to be all
defective in sucrose-induced aggregation, and almost all the
mutants lost dextranase activity. In our preliminary study,
all of the PAc-producing strains and the PAc-defective
strains aggregated upon the addition of sucrose, although the
degree of sucrose-induced aggregation in PAc-defective
strains was lower than that in PAc-producing strains. All the
strains exhibited dextranase activity (unpublished data).
Moreover, growing cells of PAc-defective strains, as well as
those of PAc-producing strains, adhered firmly to a glass
surface in sucrose broth, suggesting that PAc might not
participate in sucrose-dependent adherence. Thus, although
the PAc of S. mutans and SpaA of S. sobrinus show
considerable similarity (48), it appears that they may differ in
their function.
PAc from S. mutans is known to be an effective vaccine to

protect primates against dental caries (24, 44). Several
investigators (3, 17) have observed that polyclonal and
monoclonal antibodies raised against S. mutans antigens
react with human heart tissue. However, PAc of S. mutans
has failed to reveal immunological cross-reactivity with
human heart tissue (4, 40). Therefore, highly purified PAc of
S. mutans should be prepared so as to avoid any side effects
in humans. The production of cell-free PAc by strains TK15
and TK18 constructed in this study was about eightfold
higher than that by strain MT8148. The expression of PAc-
specific mRNA transcripts by these transformants was also
eightfold higher than that of strain MT8148. Although the
cause of this high expression of PAc and PAc-specific
mRNA transcripts in these transformants was indetermin-
able, strains TK15 and TK18 are considered to be useful for
preparing large quantities of highly purified PAc.

In conclusion, the present study suggests that PAc on the
cell surface of S. mutans participates in sucrose-independent
adherence of the streptococcal cells to salivary components
on hydroxyapatite.
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